Introduction
Oviductal tissue in culture synthesizes proteins and secretes them by an exocrine mechanism (Erickson-Lawrence et al., 1989) . Oviduct-specific glycoproteins of unknown physiological function have been reported in humans (Maguiness et al., 1992; Wagh and Lippes, 1993) , baboons (Fazleabas and Verhage, 1986) , mice Johnson, 1985, 1986) , hamsters (Robitaille et al., 1988) , rabbits (Shapiro et al., 1974) , sheep (Sutton et al., 1984; Gandolfi et al., 1989) , and bovine animals (Sendai et al., 1994) . Some of these proteins in hamsters (Suzuki et al., 1995) , bovine animals (Sendai et al., 1994) , baboons (Donnelly et al., 1991) , and humans (Arias et al., 1994) have been sequenced and cloned.
The most well-studied oviduct-specific proteins are a group of secretory glycoproteins designated oviductins. In hamsters, oviductin is secreted maximally in the secretory granules of oviductal epithelial secretory cells around the time of ovulation (Roux and Kan, 1995) , and becomes intimately associated with the zona pellucida of the oocytes during their passage through the oviduct (Kan et al., 1989) . Subsequent to fertilization, oviductin becomes internalized in the blastomeres of the embryo (Kan et al., 1993) . Similar observations have also been reported in other species (for review see Malette et al., 1995) . Early embryonic development in the Djungarian hamster, Phodopus sungorus, is accompanied by alterations in the distribution and intensity of oviductin in the blastomere membrane and zona pellucida and in its association with F-actin (Murray and Messinger, 1994) . Despite all these studies, the exact physiological role of oviductin is still uncertain. It is proposed that the chitinase-like domains of oviductin interact with specific oligosaccharide moieties of the zona pellucida. This binding allows the densely glycosylated mucin-like domains of oviductin to provide protease resistance to the oocyte and early embryos in the reproductive tract (Malette et al., 1995) .
Numerous reports have shown that oviductal co-culture improves the development of the embryo in vitro. Compared with embryos cultured in medium alone, human embryos cocultured with oviductal cells have better morphology in terms of reduced fragmentation (Bongso et al., 1989; Yeung et al., 1992; Morgan et al., 1995) , better morphological characteristics (Morgan et al., 1995) , higher cleavage (Morgan et al., 1995) , blastulation (Bongso et al., 1989; Wiemer et al., 1993) , and hatching rate (Yeung et al., 1992) . Several studies have also reported an increase in pregnancy rate and implantation rate after oviductal cells co-culture (Bongso et al., 1992 (Bongso et al., , 1994 Wiemer et al., 1993; Morgan et al., 1995; Yeung et al., 1996a) . The mechanism of the beneficial effect of the co-culture system has yet to be determined. It may involve the removal of deleterious components from the medium and/or production of embryotrophic factors (Bongso et al., 1991) .
The exact biochemical nature of the oviductal embryotrophic factors is unknown. Preliminary results characterizing these factors have been reported (Minami et al., 1992; Mermillod et al., 1993; Liu et al., 1995; Vansteenbrugge et al., 1996) . Mouse and bovine oviductal cells produce low molecular weight embryotrophic factors (Minami et al., 1992; Mermillod et al., 1993) . In addition, the bovine oviductal cells also produce a high molecular weight factor (Ͼ10 kDa) that stimulates the development of bovine embryos from the 8-cell to the blastocyst stage (Mermillod et al., 1993; Vansteenbrugge et al., 1996) . Embryogenin-1, a tissue inhibitor of metalloproteinase-1 isolated from serum-free conditioned medium of bovine oviductal epithelial cells (molecular weight 31 kDa), has also been shown to enhance embryo development in vitro (Satoh et al., 1994) . We have developed a human oviductal cell co-culture system that improves the hatching rate (Yeung et al., 1992) and the implantation rate of human embryos (Yeung et al., 1996a) . Interleukin-1α immunoreactivity has also been detected in the spent medium from this co-culture system (Yeung et al., 1996b) . Moreover, the same co-culture system also improves mouse embryo development. This embryotrophic activity of the system is due to the presence of proteinaceous factors with molecular weights more than 100 kDa (Liu et al., 1995) . The key objective of this study was to partially purify and characterize these embryotrophic factors produced by human oviductal cells in vitro.
Materials and methods
Oviductal cell culture and collection of conditioned medium Human oviductal cells were obtained from patients admitted for tubal ligation or hysterectomy resulting from uterine fibromyoma. They were prepared as described previously (Liu et al., 1995) . Only primary cultured cells or cells that had been passaged once were used in this study. Oviductal cells were seeded onto culture plates in DMEM/F12 medium supplemented with 15% pre-ovulatory serum. When the culture reached 60% confluence, the cells were washed twice with M16 medium containing bovine serum albumin (BSA) as protein supplement. Conditioned medium was collected from these cells after culturing them in M16 medium (Whittingham, 1971 ) for 24 h. The medium collected was stored at -70°C until further analysis. Although the cells did not divide rapidly in M16 medium, they remained viable in the medium for at least 24 h as judged by the cell morphology and the Trypan Blue exclusion test.
Concanavalin A (Con-A) affinity chromatography
The Con-A-bound glycoproteins of the conditioned medium (Con-Apositive fraction) were isolated by N-hydroxysuccinimide (NHS)-activated Superose (HR 10/2, Pharmacia, Uppsala, Sweden) affinity column coupled with Con-A using a Fast Performance Liquid Chromatography System (FPLC, Pharmacia). The coupling of the lectin to the Superose column was performed according to the manufacturer's instructions (Pharmacia).
Before purification of the embryotrophic factors, the Con-A column was equilibrated with at least 8 ml of the start buffer (0.02 M Tris, 0.5 M NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 and 1 mM MnCl 2 , pH 7.4). This was followed by loading the column with 50 ml of conditioned medium, and washing the column with the start buffer at a flow rate of 0.3 ml/min for 30 min. The bound glycoproteins were eluted with the elution buffer (0.02 M Tris, 0.5 M NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 1 mM MnCl 2 and 0.3 M α-D-methylglucoside, pH 7.4) at a flow rate of 0.3 ml/min. The eluent was collected with a fraction collector (Bio-Rad, Hercules, CA, USA).
Ion exchange chromatography (Mono-Q)
Con-A positive glycoproteins with molecular weight greater than 100 kDa were concentrated by ultrafiltration of the eluent from the Con-A affinity column through the Centricon-100 (Amicon, Beverly, MA, USA). These high molecular weight glycoproteins were reconstituted in 60 µl of 20 mM Tris-HCl, pH 8. Fifty microlitres of the reconstituted sample were fractionated by a Mono-Q column using the SMART™ System (Pharmacia). Elution was performed with 20 mM Tris-HCl, 0.5 M NaCl, pH 8.0, using a stepwise protocol.
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The flow rate was 70 µl/min. The void fraction as well as the eluent with detectable ultraviolet (UV) absorption peak were collected.
Gel filtration
Embryotrophic Mono-Q fractions were further purified by the Superose column according to their molecular weights. The samples were eluted with phosphate buffer saline at a flow rate of 40 µl/ min. The fractions with UV absorption peak were collected and reconstituted for embryo culture. The molecular size of the purified glycoproteins after gel filtration was determined by comparing their retention times to that of the molecular weight markers in the gel filtration kit (Pharmacia).
Embryo culture
The embryos were cultured as previously described Liu et al. (1995) . Briefly, a female MF1 mouse was superovulated with 5 IU pregnant mare's serum gonadotrophin (Sigma, St. Louis, Mo, USA) and 5 IU human chorionic gonadotrophin (HCG; Sigma). One-cell zygotes of a MF1 femaleϫBALB/c male were recovered from the oviductal ampullae between 22 to 24 h post-HCG. Twenty to thirty zygotes were either cultured in 20 µl droplets of CZB medium (containing 81.62 mM NaCl, 4.83 mM KCl, 1.18 mM KH 2 PO 4 , 1.18 mM MgSO 4 ·7H 2 O, 25.12 mM NaHCO 3 , 1.70 mM CaCl 2 ·2H 2 O, 31.30 mM sodium lactate, 0.27 mM sodium pyruvate, 0.11 mM EDTA, 1 mM glutamine, 5 mg/ml BSA, 100U/ml sodium penicillin and 0.7 M streptomycin; Sigma) without glucose (Chatot et al., 1989) , or purified fractions were reconstituted with CZB under light paraffin oil. All the incubations were performed in a humidified atmosphere of 5% CO 2 in air at 37°C. After 48 h, all the embryos were transferred to M16 droplets and cultured up to 120 h post-HCG.
Evaluation of embryotrophic activity
The embryonic development was evaluated either by morphological observations under light microscopy or by determination of the conceptus formation rate. The former was measured by the percentage of 3-4 cell, morula and blastocyst stages at about 72 h, 96 h and 120 h post-HCG, respectively. The latter was determined by counting the number of concepti formed in each uterine horn of 6-10-weekold foster BALB/c females 11 days after the transfer of day-3 embryos with or without treatment obtained from the above experiments.
Data analysis
For experiments on the determination of the molecular weights of proteins by gel filtration, a calibration curve of molecular weight of the standard markers against their retention time was obtained by linear regression of data obtained from four experiments. From the calibration curve, the molecular weights of the human oviductal embryotrophic glycoproteins were determined by comparing their elution times with that of the molecular weight markers. The determination was repeated four times and the results were expressed as mean Ϯ standard deviation (SD).
In all embryological experiments, data obtained from at least three replicates were combined, normalized, expressed as binary variables, and analysed by ANOVA and Student-Newman-Keul's method.
Results

Con-A affinity chromatography
The fraction of the conditioned medium that did not bind to the Con-A (termed Con-A negative fraction) had no effect on embryo development in vitro (Table I) . Therefore, this fraction was not further analysed. A single fraction that bound to Con-A was obtained from oviductal cell conditioned medium after the affinity chromatography (Figure 1 ). This fraction was further fractionated by Mono-Q column and found to possess embryotrophic activity (Table I) .
Mono-Q column
The Con-A-positive fraction was divided into five fractions by the Mono-Q column using a stepwise gradient elution protocol (Figure 2 ). The fractions were labelled as fraction 1, 2, 3, 4, and 5, according to their ionic strength. There were two overlapping peaks (peak 1) in fraction 1, and two distinctly separated peaks (peaks 2a and 2b) in fraction 2. Fraction 3 contained two partially separated peaks, whilst fraction 4 contained one symmetrical peak. Two overlapping peaks were observed in fraction 5. Reconstituted media (RM) were prepared from these fractions, and were labelled as RM1, RM2 (mixture of peaks 2a and 2b), RM3, RM4 and RM5 respectively. As some of the glycoproteins were lost during purification, all the fractions were reconstituted with CZB to only one-fifth of the original volume.
Embryotrophic activity of the Mono-Q purified, Con-Apositive glycoproteins
The embryotrophic activities of the five glycoprotein fractions obtained after Mono-Q separation are shown in Table I . The number of embryos reaching the 3-4 cell, morula and blastocyst stages was significantly higher in the presence of RM1 than in the control (P Ͻ 0.05). The development of the embryos at and after compaction was significantly better (P Ͻ 0.05) after culturing in RM2 and RM3 than after culturing in the control, RM4 and RM5. The two reconstituted media RM4 and RM5 did not have any embryotrophic activity. As RM1, RM2 and RM3 fractions possessed embryotrophic activity in vitro, their effects on the formation of conceptus were also determined. The number of concepti formed after embryo transfer is shown in Table II . Significantly more (P Ͻ 0.05) concepti developed after treating 1-cell embryos with RM1, RM2 and RM3 than with the untreated control. Among the treated embryos, a higher percentage of concepti developed after transferring RM3-treated embryos. However, owing to the small sample size, the differences among the three fractions were not statistically significant. 
Gel filtration chromatography
The gel filtration chromatograms of the fractions containing peaks 1, 2a, 2b and 3 derived from Mono-Q column are shown in Figure 3 . A major peak was found after gel filtration of peaks 1, 2a and 2b. The resulting peaks were labelled as peaks I, IIa and IIb, respectively (Figure 3) . A minor peak was also present in each of the chromatograms for peaks 1 and 2b. However, the amount that could be isolated from them was not sufficient for further analysis. Two moderately overlapping peaks, labelled as IIIa and IIIb, were observed in fraction 3. By comparing the retention time of these peaks with that of the molecular weight markers, the molecular weight of peaks I, IIa, IIb, IIIa and IIIb were 154 Ϯ 1, 380 Ϯ 0.4, 164 Ϯ 0.2, 848 Ϯ 4 and 207 Ϯ 0.3 kDa, respectively. The corresponding reconstituted media of these fractions after gel filtration were labelled as RM I, RM IIa, RM IIb, RM IIIa and RM IIIb. The embryotrophic activities of these reconstituted media are shown in Table III . The number of embryos reaching the 3-4 cell stage was significantly higher (P Ͻ 0.05) in RM I and RM IIIb than that of the control. The development of the embryos to morula and blastocyst after culture in RM I, RM IIb and RM IIIb was significantly better than that of the control group. RM IIIa promoted the development of the morula, but not the blastocyst, when compared with that of the control. RM IIa did not possess any embryotrophic activity.
Discussion
Various data suggest that the oviduct provides the microenvironment for embryo development in vivo, although the exact mechanism is unknown (reviewed in Boatman, 1997) . The pathological oviductal environment in hydrosalpinges reduces pregnancy rates and increases pregnancy loss, which may be due to a decrease in lactate in hydrosalpingeal fluid (Murray et al., 1997 ). Studies on the glucose level in oviductal fluid suggest that the glucose level is low in mid cycle (Gardner et al., 1996) but increases towards luteal phase (Gardner et al., 1996; Tay et al., 1997) . These data are in line with observations in mouse embryos in vitro, which is that the presence of glucose is detrimental to early embryo development (Chatot et al., 1989; Brown and Whittingham, 1992) but is required for the formation of the blastocyst (Brown and Whittingham, 1991) . Based on these observations, embryos were cultured in CZB medium without glucose for the first 48 h in this study. All embryos were transferred to glucose-containing M16 medium for subsequent culture.
This study clearly demonstrates that human oviductal cells enhance the development of mouse embryo in vitro by producing several embryotrophic factors with different biochemical properties. Apart from stimulating the embryo development in vitro, these purified embryotrophic factors also improve the conceptus development of the co-cultured mouse embryos. The effects of these embryotrophic factors on the birth outcome of the treated embryos are currently being investigated.
The presence of embryotrophic activities in the purified fractions after Con-A column and Mono-Q column indicates that the embryotrophic factors are anionic glycoproteins. The present investigation is the first to demonstrate that human oviductal cells produce anionic embryotrophic glycoproteins with molecular weights ranging from 154-848 kDa, which is higher than most of the reported oviductal proteins of unknown function (Shapiro et al., 1974; Sutton et al., 1984; Johnson, 1985, 1986; Fazleabas and Verhage, 1986; Robitaille et al., 1988; Gandolfi et al., 1989; Wegner and Killian, 1991; Boice et al., 1992; Maguiness et al., 1992; Sendai et al., 1994) .
Two partially overlapping peaks were found in fraction 1 after Mono-Q column. These were resolved into two peaks after gel filtration. However, only the major peak could be isolated in sufficient quantity for the determination of embryotrophic activity. The glycoprotein in this peak had a molecular weight of 154 kDa and was embryotrophic. The embryotrophic activity in the minor peak remains to be determined.
Fraction 2 contained a mixture of two distinct peaks (peaks 2a and 2b), with different molecular weights (peak 2a: 380 kDa; peak 2b: 164 kDa). When their embryotrophic activities were evaluated, RM2 (mixture of peaks 2a and 2b) as well as RM IIb (peak 2b after gel filtration), but not RM IIa (peak 2a after gel filtration), enhanced embryo development in vitro.
The lack of embryotrophic activity in RM IIa may be due to either a genuine lack of embryotrophic factor in peak 2a or the embryotrophic activity of peak 2a had been decreased to an undetectable level as a result of protein loss with an additional gel filtration step. As the development of the embryos in the control groups shown in Tables I and III was similar, the quality of the embryos used in these two sets of experiments was comparable. The embryotrophic activities of RM IIb were slightly less than that of RM2, which may be explained by the protein loss with the additional chromatographic step for RM IIb. Thus the embryotrophic activity in RM2 was largely contributed by peak 2b, and peak 2a did not have significant embryotrophic activity. The embryotrophic activity of the minor peak found in the gel filtration chromatogram of peak 2b remains to be determined. Two partially overlapping peaks were eluted from the Mono-Q column with 0.3 M NaCl (fraction 3). Gel filtration separated this fraction into two peaks with molecular weights of 848 and 207 kDa (fractions IIIa and IIIb). Both fractions showed embryotrophic effects on morula formation, but only RM IIIb significantly enhanced blastulation. Since the Superose column could not completely resolve these two fractions, it is possible that RM IIIb is not embryotrophic and that the lowered embryotrophic activity observed in RM IIIb is due to contamination by the embryotrophic fraction IIIa. On the other hand, it is also possible that the effect of fraction IIIb was stage specific, and that it only facilitated the early embryo growth before blastocyst formation. In this connection, two oviductal embryotrophic factors with differential effects on embryo development have been reported in the cow: one stimulates early embryonic cleavage, whereas the other enhances later-stage development (Mermillod et al., 1993) .
Comparing the embryotrophic activities of various fractions, the blastulation rates of RM1, RM2 and RM3 were similar (Table I) , but RM3 appeared to have a higher conceptus formation rate (Table II) . Whether the embryos treated with RM3 were more viable than those treated with other fractions remains to be investigated. This is because the concentration of the embryotrophic factors in different reconstituted media could not be determined in this study because of the limited amount of embryotrophic factors isolated. Judging from the peak areas of the chromatogram (Figure 2 ), the concentration of embryotrophic factor (peak 3) in RM3 was much higher than those (peaks 1, 2a and 2b) in the other reconstituted media. Therefore, it is possible that the observed differences in embryotrophic activities in various reconstituted media were the consequence of dose responses to different embryotrophic factors by the embryo.
The identities of these embryotrophic factors are unknown. Human oviductin has a molecular weight of about 120 kDa (Arias et al., 1994) , which is smaller than the embryotrophic factors identified in this study. The sizes of the present human oviductal embryotrophic factors are also much higher than the reported low molecular weight oviductal embryotrophic factors of other animals (Minami et al., 1992; Mermillod et al., 1993; Vansteenbrugge et al., 1996) . High molecular weight embryotrophic factor (Ͼ10 kDa) has also been reported in the cow (Mermillod et al., 1993) . Our previous data have shown that the human embryotrophic factors are more heat sensitive than those reported in the cow (Liu et al., 1995) .
Growth factors are known to enhance embryo development in vitro. For instance, growth factors of the interleukin family, colony-stimulating factor, epidermal growth factor or transferring growth factor (TGF), stimulate mouse blastocoel expansion in a dose-response manner (Dardik and Schultz, 1991; Dardik et al., 1993) , whereas insulin and insulin-like growth factors (IGF) influence embryo metabolism and development (Heyner et al., 1989; Kaye, 1991, 1992) . The embryotrophic factors purified in this study are unlikely to be some of these common growth factors, which have molecular weights less than 100 kDa. However, the possibility that the present embryotrophic factors may be large precursors of various growth factors cannot be ruled out. The latent precursor of TGF-β1 (molecular weight 25 kDa) has a molecular weight of 210 kDa (Miyazono and Heldin, 1991) , which is close to the molecular weight of peak IIIb (molecular weight 207 kDa). This precursor can be activated by co-culture with certain cell types such as endothelial cell and muscle cells via an unknown mechanism or by enzymes such as glucosidase (Miyazono and Heldin, 1989) . Another possibility is that the isolated embryotrophic factors may be growth factors bound to their carrier or binding proteins. In normal serum, most of IGF-II is present in a 150 kDa ternary complex with IGF binding protein-3 (IGFBP-3) (Daughaday et al., 1993) . Recently, IGFBP-3 was shown to be secreted by human oviductal cells and may play a role in regulating the action of IGF or in directly enhancing embryo development (Lai et al., 1996) . In addition, it is certainly possible that the high molecular weight glycoproteins identified in this study are de-novo maternal signals for embryo differentiation and metabolism.
In conclusion, we have identified at least three embryotrophic glycoproteins from the spent medium after human oviductal cell culture. The exact identities of these glycoproteins remains to be investigated. Further studies on these glycoproteins will be both of academic value in understanding the physiological interaction between the embryo and the Fallopian tube and of practical importance in improving the embryo culture system.
